ABSTRACT: Three-dimensional lanthanide-organic frameworks formulated as (CH 3 8+ and hexameric |Pr 6 (µ 3 -O) 2 (µ 3 -OH) 6 | clusters which act as the building blocks of the networks, and are bridged by the H 2-x pydc x-residues. It is demonstrated that this modular approach is reflected in the topological nature of the materials inducing 4-, 8-, and 14-connected uninodal networks (the nodes being the centers of gravity of the clusters) with topologies identical to those of diamond (family 1), and framework types bct (for 2) and bcu-x (for 3), respectively. The thermogravimetric studies of compound 3 further reveal a significant weight increase between ambient temperature and 450°C with this being correlated with the uptake of oxygen from the surrounding environment by the praseodymium oxide inorganic core.
Introduction
Multidimensional metal-organic frameworks (MOFs) remain a worldwide topical area of research because a careful selection of the inorganic and organic building components (known as primary building units, PBUs), in combination with a judicious adjustment of the synthetic conditions, can lead to an almost endless number of new structural architectures with fascinating framework topologies.
1-3 Strongly related with their structural features, MOFs find many potential industrial applications in catalysis, 4 gas storage and separation, 5 guest exchange, 6 or even sensors based on optical or magnetic properties. 7 Compared to conventional framework-type inorganic materials such as zeolites and transition-metal or lanthanide silicates, 8 MOFs constitute a new class of materials that are more susceptible to rational design. 9 Indeed, the use of a typical bottom-up synthetic approach based on the rigid building block concept, also successfully employed for inorganic frameworks, 10 allows the overcoming of a number of experimental limitations, 11 in particular for lanthanide centers (lanthanide-organic frameworks, LnOFs) which have intrinsic variable and high coordination numbers, closely associated with flexible coordination environments and supramolecular isomerism.
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As a continuation of our efforts toward the isolation of novel MOFs, in particular LnOFs, [13] [14] [15] we are interested in the use of bridging organic ligands based on pyridine derivatives with substitutent carboxylic acid groups. 13, 15 2,5-Pyridinedicarboxylic acid (H 2 pydc) shares, on the one hand, striking similarities with the widely employed terephthalic acid ligand 16 and, on the other, it is known to form framework-type materials with either lanthanides and d-block transition metal cations. 17 Its potential use as a bridging ligand has also been recently explored by us in the isolation of novel photoluminescent LnOFs, [Ln 2 (pydc) 2 -(1,4-pda)(H 2 O) 2 ] (Ln 3+ ) Eu 3+ , Tb 3+ , Er 3+ ; 1,4-H 2 pda ) 1,4-phenylenediacetic acid]. 13 Here we wish to describe a series of modular three-dimensional (3D) materials obtained from the self-assembly of lanthanide centers with H 2-x pydc (3) . A modification of the synthetic conditions from solvothermal (family 1) to hydrothermal (compounds 2 and 3), and the composition of the initial reactive mixtures, seem to promote clustering of the lanthanide centers leading to the formation of tetrameric [Er 4 4 ] 8+ (in 2) and unprecedented hexameric |Pr 6 (µ 3 -O) 2 (µ 3 -OH) 6 | (in 3) clusters which play the role of robust inorganic building blocks in the construction of the LnOFs.
Experimental Section
General Instrumentation. FT-IR spectra were collected from KBr pellets (Aldrich 99%+, FT-IR grade) on a Mattson 7000 FT-IR spectrometer. FT-Raman spectra (range 4000-100 cm -1
) were recorded on a Bruker RFS 100 spectrometer with a Nd:YAG coherent laser (λ ) 1064 nm).
Elemental analyses for C, N, and H were performed with a CHNS-932 elemental analyzer at the Microanalysis Laboratory at the Department of Chemistry, University of Aveiro.
Thermogravimetric analyses (TGA) were carried out using a Shimadzu TGA 50 under air, from room temperature to ca. 700°C, with a heating rate of 5°C/min.
Scanning electron microscopy (SEM) and energy dispersive analysis of X-ray spectroscopy (EDS) were performed using a Hitachi S-4100 field emission gun tungsten filament instrument working at 25 kV.
Synthesis. Starting chemicals were readily available from commercial sources and used as received without further purification: 2,5-pyridinedicarboxylic acid (H 2 pydc, C 7 H 5 NO 4 , purum g 98%, Fluka), N,N-dimethylformamide (DMF, C 3 H 7 NO, 99%, Aldrich), monophenylbis(phosphonic acid) (H 4 mpbp, C 6 H 8 O 6 P 2 , g95%, Epsilon Chimie), lanthanides (III) chloride hydrates (PrCl 3 · 6H 2 O, EuCl 3 · 6H 2 O, and ErCl 3 · 6H 2 O g99.9% Aldrich).
Solvothermal Synthesis of (CH 3 ) 2 NH 2 [Ln(pydc) 2 ] · 1/2H 2 O, [Ln ) Eu, (1a) and Er (1b)]. A mixture of 0.160 g of H 2 pydc and 0.120 g of EuCl 3 · 6H 2 O in 10.0 g of DMF (molar ratio of 2.1: 1.0: 418, respectively) was stirred to homogeneity at ambient temperature for about 30 min, and then sealed inside a stainless steel autoclave (ca. 40 mL of internal volume) which was placed inside a preheated oven at 150°C for 3 days. The isolated product was solely composed of single crystals of 1a (0.120 g, yield of ca. 69% based on EuCl 3 · 6H 2 O). The synthesis of compound 1b followed an identical experimental procedure but using instead 0. 3 · 6H 2 O, and 0.120 g of NaOH in ca. 15 g of distilled water was stirred through roughly to homogeneity at ambient temperature for about 30 min. The resulting suspension, with a molar ratio of 1.0:1.0:2.8:779, respectively, was transferred to a stainless steel reaction vessel (ca. 40 mL of internal volume), which was sealed and placed inside a preheated oven at 180°C
. The reaction took place over a period of 3 days, after which the product was isolated from the autoclave contents and washed by sonication to yield block single crystals (0.22 g, yield of ca. 56% based on ErCl 3 · 6H 2 O). Elemental analysis: Calcd (%) for C 28 H 24 Er 4 N 4 O 24 (MW ) 1469.55): C 22.86, N 3.81, H 1.63; Found: C 21.94, N 3.88 3 · 6H 2 O and 0.090 g of NaOH in ca. 11 g of distilled water was stirred through roughly to homogeneity for about 30 min. The suspension, with a molar ratio of 1.0:1.0:2.0:6.3:1710, respectively, was transferred into a stainless steel reaction vessel (ca. 40 mL of internal volume) which was placed inside a preheated oven at 180°C for 3 days. Large single crystals of compound 3 were readily separated from a powdered impurity by sonication (0.04 g, yield of ca. 33% based on H 2 pydc).
Selected 19 and equipped with an Oxford Cryosystems Series 700 cryostream monitored remotely using the software interface Cryopad. 20 Images were processed using the software package SAINT+, 21 and data were corrected for absorption by the multiscan semiempirical method implemented in SADABS. 22 Structures were solved using the Patterson synthesis algorithm implemented in SHELXS-97, 23 which allowed the immediate location of the crystallographically independent Ln 3+ metallic centers. All remaining non-hydrogen atoms were directly located from difference Fourier maps calculated from successive full-matrix least-squares refinement cycles on F 2 using SHELXL-97. 24 Non-hydrogen atoms were successfully refined using anisotropic displacement parameters.
The crystal structures of compounds 1a and 1b contain eight solventaccessible voids as revealed by PLATON (each accounting for ca. 182 and 169 Å 3 ), 25 which were found to be partially occupied by highly disordered water molecules of crystallization. One oxygen atom (refined assuming an isotropic displacement behavior) belonging to these chemical entities was directly located from difference Fourier maps, and its site occupancy was fixed at 50% (value obtained from unrestrained refinement cycles) during the last stages of the overall structural refinement. Even though the hydrogen atoms associated with these water molecules were not visible from difference Fourier maps, they have been added to the empirical formulae of the compounds (Table 1) . It is important to emphasize that this partially occupied water molecule does account for all electron density in the structures. Indeed, 1a and 1b still have approximately 17.0 and 16.3% (ca. 1454 and 1348 Å 3 , respectively) of solvent-accessible volume with 664 and 360 electrons per unit cell, respectively, as revealed by PLATON. The inclusion of additional water molecules in the empty spaces did not proceed with sensible structural refinements. The discrepancy in the number of electrons between 1a and 1b also suggests that these values are highly random and dependent on the crystal selected for data collection. Compound 2 contains three empty cavities in the unit cell accounting for ca. 286 Å 3 of solvent accessible volume (ca. 14.2% of the volume of the unit cell) and containing ca. 132 electrons. As for the two previous structures, the inclusion of additional water molecules in the voids was revealed unsuccessful. Structural refinements using solvent-free reflection data calculated using PLATON for the three structures did not produce substantial increments in the overall quality of the structures (R-factors remained almost unaffected). Hence, the structural models using the original data sets were selected.
In compound 3 the Pr2 metallic center was found to be present in only half of the unit cells as undoubtedly revealed by unrestrained refinement of the site occupancy. The structure described in this paper has fixed site occupancy of 50% for Pr2 which leads to a deficiency of positive charge in the material. It is important to stress that single crystal data were intentionally collected up to 45.28°(0.5 Å resolution; data completeness of 99.5%) in order to investigate the eventual presence of protonating hydrogen atoms on the coordinated pydc 2-ligands. It is widely known that praseodymium can adopt variable valences (+3 or +4) while forming oxides, with the extreme cases being Pr 2 O 3 (+3 -hexagonal or cubic structure) 26, 27 and PrO 2 (+4 -cubic structure).
27
It is thus feasible to assume that the praseodymium centers appear in the crystal structure of 3 having the two previously mentioned oxidation states, with an average charge per center of about +3.38 agreeing well with the intermediate known PrO In 2 and 3 the hydrogen atoms associated with the µ 3 -bridging hydroxyl groups were markedly visible in difference Fourier maps and were included in the final structural models with the O-H distances restrained to 0.95(1) Å and U iso fixed at 1.5 × U eq of the attached oxygen atom. The hydrogen atoms belonging to the water molecules present in structure 2 (both coordinated -O1W to O3W -and located in the voids -O4W) were also found in difference Fourier maps and placed in the structural model with the O-H and H · · · H distances restrained to 0.95(1) and 1.55(1) Å, plus U iso (H) ) 1.5 × U eq (O), in order to ensure a chemically reasonable geometry for these chemical entities.
Hydrogen atoms bound to carbon were located at their idealized positions in all structures using appropriate HFIX instructions in SHELXL (43 for the aromatic, 23 for the -NH 2 moieties and 137 for the terminal methyl groups) and included in subsequent refinement cycles in riding-motion approximation with isotropic thermal displacements parameters (U iso ) fixed at 1.2 (for the former family of hydrogen atoms) or 1.5 (for the -NH 2 and methyl moieties) times U eq of the carbon atom to which they are attached.
The last difference Fourier map synthesis showed: for 1a, the highest peak (0.717 e Å -3 ) and deepest hole (-0.665 e Å -3 ) located at 1.17 Å and 1.19 Å from O4; for 1b, the highest peak (0.871 e Å -3
) and deepest hole (-0.842 e Å -3 ) located at 0.49 Å and 0.28 Å from O4; for 2, the highest peak (1.773 e Å -3 ) and deepest hole (-1.669 e Å -3 ) located at 0.79 Å and 0.76 Å from Er (3); for 3, the highest peak (2.364 e Å -3 ) and deepest hole (-1.777 e Å -3 ) located at 0.04 Å from O1 and 0.39 Å from Pr(1).
Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication data (deposition numbers are given in Table 1 ). Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 2EZ, U.K. FAX: (+44) 1223 336033. E-mail: deposit@ccdc.cam.ac.uk.
Results and Discussion
Crystal Structure Description. A series of crystalline threedimensional (3D) LnOFs were isolated using solvothermal (1a and 1b) and hydrothermal (2 and 3) synthetic approaches (see Experimental Section for details) and formulated as ( CH 3 ) (3) on the basis of single-crystal diffraction studies (Table 1) in combination with thermoanalytical investigations, vibrational (FT-IR and FT-Raman) spectroscopy studies and elemental composition analysis. Energy dispersive analysis of X-ray spectroscopy (EDS) investigations (data not shown) on single crystals of all compounds provided qualitative confirmation about the presence of the lanthanides. CHN elemental composition agrees well with the empirical formulae derived from single-crystal X-ray diffraction (XRD) data. Scanning electron microscopy (SEM) images and powder XRD patterns (data not shown) of the bulk samples suggest the presence of homogeneous pure phases.
All LnOF materials are 3D connected modular frameworks based on distinct lanthanide clusters building units: dimers in compounds 1a and 1b, a tetramer in 2, and a hexamer in 3 (see structural details in the following paragraphs). Clustering of lanthanide centers (observed in the two latter compounds) seems to occur preferentially when water is employed as the solvent media (hydrothermal approach) instead of DMF (solvothermal synthesis). Moreover, from the chemical composition of the initial reactive mixtures (see Experimental section for details), it is feasible to infer that large clusters are preferentially obtained for more diluted gels having a metal/H 2 pydc ratio greater than unity. Family 1 of materials contains in the void spaces of the anionic frameworks (CH 3 ) 2 NH 2 + cations (based on crystallographic and vibrational spectroscopy evidence). These chemical species are most likely generated in situ by the solvolysis of DMF. Indeed, this type of decomposition of DMF is not unprecedented, and it is even known to direct the formation of peculiar anionic frameworks through a typical templating effect. (Table 1) . Even though the crystal structures have been fully determined and refined for the two compounds, the described crystallographic details will be focused on the Er-based material, being also valid for 1a unless otherwise stated.
Compound 1b contains a single crystallographically independent lanthanide center (Er 3+ ) which is coordinated to six O-and two N-atoms from six symmetry-related pydc 2-ligands describing an eight-coordination sphere (Figure 1) , {ErN 2 O 6 }, which resembles a distorted square antiprism (Figure 2 ): on the one hand, while the Er-O bond distances range from 2.276(3) to 2.348(3) Å the single Er-N bond length is considerably longer, 2.518(3) Å (Table 2) ; on the other, the range of internal (N,O)-Er-(N,O) angles for each base of the square antiprism are markedly distinct, ranging from 65.83 (10) Table 3 ).
The crystallographically independent anionic pydc 2-ligand is connected to three symmetry-related Er 3+ optical centers via two different coordination fashions, ultimately appearing in the structure as a tridentate ligand (Scheme 1a). The heteroatom of the aromatic ring forms with the adjacent carboxylate group a typical N,O-chelate (mode II), with the observed bite angle being of 65.83(10)°. The carboxylate group connects two neighboring Er 3+ centers via a µ 2 -syn,syn-bridge (mode I), being ultimately responsible for the formation of a centrosymmetric dimeric unit. This block can also be envisaged a secondary building unit (SBU) in the construction of the 3D framework (see below):
four carboxylate groups belonging to four symmetry related pydc 2-ligands connect a pair of Er 3+ atoms generating a typical dimeric paddle-wheel-like centrosymmetric motif, {Er 2 (CO 2 ) 4 }, Tables 2 and 3 . Symmetry transformations used to generate equivalent atoms: 8+ core (i.e., four Er 3+ centers are bonded together by another four hydroxyl groups placed in opposite vertices of the cuboidal arrangement) surrounded by nine chelating and/or bridging pydc 2-ligands (Figure 4 and Figure S2 , Supporting Information). Despite several tetrameric cubane-type clusters of lanthanide centers and complexes incorporating H 2-x pydc x-residues being known to date (as revealed by a systematic survey of the literature and the CSD), compound 2 represents, to the best of our knowledge, the first example of a framework-type material based on the modular assembly of this type of clusters having anionic H 2-x pydc x-ligands as the organic bridges.
In the cubane-like tetranuclear cluster the four single Er This compound comprises four distinct anionic pydc 2-residues: while three ligands establish bridges between three adjacent Er 3+ centers, showing the coordination fashions represented in Scheme 1a and 1b (those containing the N1, N2, and N4 nitrogen atoms), one exhibits the coordination fashions depicted in Scheme 1c (that with N3). All Er 3+ centers are eightcoordinated, {ErNO 7 }, with the coordination geometries resembling distorted dodecahedra (Figure 5b-5e ): Er1 is coordinated to two pydc 2-residues, three hydroxyl groups, and two water molecules; Er2 is coordinated instead by three pydc 2-ligands plus three hydroxyl groups and one water molecule; Er3 and Er4 display similar overall coordination environments, being bonded to four pydc 2-residues and three hydroxyl groups. For all environments, while the Er-O bond distances range from 2.290(3) to 2.411(3) Å, the Er-N distances are instead in the 2.485(3)-2.561(3) Å range ( 3 ], which has a brick-wall-like distribution of metallic cores in the bc plane of the unit cell ( Figure  6 ). Structural cohesion is reinforced by the presence of an extensive O-H · · · O hydrogen bonding network (light-blue dashed lines in Figure S3 , Supporting Information) involving the coordinated water molecules (O1W, O2W, and O3W), the hydroxyl groups and oxygen atoms of neighboring carboxylate groups of coordinated ligands (intra-framework hydrogen bonds). In addition, the water molecule of crystallization is also engaged in hydrogen bonding interactions with the neutral network (see Table 7 for further details on the geometrical features of these interactions).
Framework Based on a Hexameric Ln 3+ Cluster. Compound [Pr III 2 Pr IV 1.25 O(OH) 3 (pydc) 3 ] (3) crystallizes in the centrosymmetric hexagonal R3 j space group as revealed by single crystal XRD analysis. It is relevant to emphasize that this material can be envisaged as a true hybrid LnOF since there is a clear separation between the organic and the inorganic components in the structure as it is described in detail in the following paragraphs.
The structure is assembled by a purely inorganic hexanuclear |Pr 6 (µ 3 -O) 2 (µ 3 -OH) 6 | cluster composed by six crystallographically equivalent Pr metal centers (Pr1) located at the apexes of a regular octahedron [intermetallic Pr1 · · · Pr1 distances ranging from 4.0885(2) to 4.2693(2) Å]. The lanthanides are joined (3) a Symmetry transformations used to generate equivalent atoms: (9) a Symmetry transformations used to generate equivalent atoms:
together by two µ 3 -bridging oxo groups [Pr1-O oxo distance of 2.5785(4) Å] plus six µ 3 -OH groups [Pr1-O OH distances: 2.4404(10), 2.4585(10), and 2.4633(8) Å] which cap the eight triangular faces of the metallic octahedron (Figure 7a) . The resulting |Pr 6 (µ 3 -O) 2 (µ 3 -OH) 6 | cluster possesses overall C 3i symmetry having the two oxo groups located on top of the 3-fold axis, and can be considered as a pseudo-SBU for the construction of the framework (see below). A search in the literature 31 Hence this material is also truly unprecedented being the first example of a modular LnOF incorporating this hexanuclear cluster which, noteworthy, is reminiscent from the structure of the mixedvalence Pr 12 O 22 oxide (Figure 7b) . 32 There are two crystallographically independent lanthanide centers in 3: while Pr1 originates the aforementioned hexanuclear cluster, Pr2 (only half-occupied) is instead positioned in-between two neighboring clusters, establishing a physical connection between inorganic cores along the [001] direction of the unit cell (Figure 8b ). Pr1 is coordinated by two symmetry equivalent O-atoms of the bridging oxo groups (µ 3 -O oxo ), two symmetry-related O-atoms from bridging hydroxyl groups (µ 3 -O OH ), four crystallographic distinct O-atoms and one N-atom from the pydc 2-ligand, in a typical {PrNO 8 } nine-coordination fashion whose geometry resembles a considerably distorted tricapped trigonal prism (Figure 7c ): on the one hand, while the Pr1-O bond distances can be found in the 2.3956(11)-2.5785(4) Å range, the Pr1-N distance is considerably longer and of 2.7764(10) Å (Table 8) ; on the other, the internal angles just concerning either the capping positions or the two triangular bases are considerably spread over the 96.25(5)-137.96(3)°and 68.94(3)-81.86(5)°ranges, respectively, which clearly reflects the high degree of distortion of the polyhedron (Table 9 ). The coordination environment of the partially occupied Pr2 lanthanide center is instead solely composed by oxygen atoms arising from two and six symmetry-related oxo and carboxylate groups, respectively, defining a eight-coordinated geometry {PrO 8 } which resembles a slightly distorted cube commonly found among typical inorganic structures but unusual for LnOF materials (Figure 8d ; Tables 8 and 9 ). The crystallographically single pydc 2-organic ligand is connected to four symmetryrelated Pr1 centers and to one Pr2 center via the coordination modes depicted in Scheme 1d: syn,syn-bridges (mode I) contribute to the formation of the hexameric cluster; the heteroatom of the aromatic ring and O3 of the adjacent carboxylate group forms a typical N,O-chelate (mode II) with a Pr1 lanthanide [ Figure 7c ; bite angle being of about 60.4°]; this chelate is coupled to a skew-unidentate connected with another Pr1(mode VI), while the other oxygen atom of the carboxylate is involved in a syn-unidentate connection (mode V).
The intercluster connectivity along the [001] direction of the unit cell is ensured by the Pr2 cation which creates inorganic chains ( Figure 8a ) randomly interrupted due to the partial occupancy of this center. Nevertheless, it is noteworthy that these chains share some structural similarities with the mixedvalence Pr 12 O 22 oxide: 32 while in 3 these hexameric clusters are intercalated by charge-balancing Pr 3+ cations, in the inorganic compound the clusters coalesce into a dense phase; nevertheless, it is still discernible the presence of chains in this inorganic material, having the hexameric clusters directly connected via oxo groups (Figure 8b ). Interchain connectivity in 3 is ensured via the organic pydc 2-ligand, ultimately originating a three-dimensional LnOF framework, ∞ 3 {[Pr III 2 -Pr IV 1.25 O(OH) 3 (pydc) 3 ]}, having small rectangular channels running parallel to the c-axis of the unit cell (Figure 9 ). Even though these channels are too small to allow the inclusion of solvent molecules, their existence seems to facilitate the partial inclusion of oxygen from the surrounding environment as observed during the thermoanalytical studies (see Thermal Analyses subsection).
Topological Studies. These 3D lanthanide-organic materials can be more conveniently described using a typical topological approach in which the networks are simplified to central nodes and bridging rods. 2, 33, 34 This procedure, based on pure mathematical concepts applied to crystal chemistry (the chemical properties of the individual building blocks are not taken into consideration and only connectivity is analyzed), yields the immediate taxonomy of the frameworks thus allowing a direct comparison of the isolated materials with other related structures available in the literature, either synthesized or predicted from theory. 3, 35 As a consequence of the structural complexity of the frameworks (see previous subsections for details), it is significantly more convenient, and also chemically more accurate, to consider the dimeric, tetrameric, and hexameric units as the central nodes of the nets (the center of gravity of each unit is considered as the node), ultimately reducing the frameworks to uninodal nets. Since these centrosymmetric units are interlinked via the pydc 2-bridging ligands, each connection via this organic ligand is thus considered as a connecting rod. It is of considerable importance to emphasize that other nodes for the networks could be considered, in particular each crystallographically independent lanthanide center. However, such procedure would lead to high-order, and more complex, networks types (e.g., fournodal and binodal for materials 2 and 3, respectively). All topological studies were performed using the software package TOPOS, 36 and representative schematic drawings are provided in Supporting Information (Figures S5, S6 , and S7).
3D lanthanide-organic compounds based on the centrosymmetric dimeric units (family 1) are uninodal 4-connected nets ( Figure S5a , Supporting Information) with a topology identical to that of diamond (Schäfli symbol 6 6 - Figure S5b , Supporting Information). The increasing of the centrosymmetric units is clearly accompanied by an increase in overall connectivity of the uninodal nets: compounds 2 and 3 (having tetrameric and hexameric central nodes, respectively) are instead 8-( Figure  S6a , Supporting Information) and 14-connected ( Figure S7a 37 and in EPINET 38 reveal that the nodal connectivity of 2 is 8-fold and reminiscent of that present in the known structure type bct. To the best of our knowledge, the overall connectivity for 3 is uncommon among MOF structures and identical to that of network bcu-x (referenced as sqc38 in the EPINET), 37 which is the dual network type of the sodalite structure but considering the packing of congruent tetrahedra instead of octahedra. 34 This topology can be envisaged as derived from a body-centered cubic lattice (which is 8-connected) but also considering the second neighbors.
Vibrational Spectroscopy. Vibrational (FT-IR and FTRaman) spectroscopy studies of the 3D modular frameworks 1 (5) 130 (4) a Symmetry transformations used to generate equivalent atoms: (i) -x, -y, -z + 1; (ii) x + 1, y, z; (iii) -x + 1, -y, -z + 1.
to 3 clearly support the structural features unveiled by the XRD studies (see Figures S9 and S10 , Supporting Information). The spectral regions found in the 3600-2300 cm -1 (associated with the O-H stretching and N-H vibrational modes) and 1700-1300 cm -1 ranges (vibrational modes associated with the carboxylate groups) are particularly informative as they contain diagnostic bands which clearly support the structural details of the different coordination modes of H 2-x pydc x-residues. 39 FT-IR spectra contain a broadband in the 3600-3400 cm -1 region attributed to the simultaneous appearance of ν(O-H) stretching vibrational modes from water molecules and hydroxyl groups involved in the hydrogen bonds. The existence of these two different types of chemical species is evident in the spectrum of compound 2 which shows three markedly distinct bands centered at 3520, 3405, and 3238 cm -1 . In the spectra of compounds 1a and 1b there are several bands in the 3100-2400 cm -1 region which arise from the presence of the chargebalancing (CH 3 ) 2 NH 2 + cation: on the one hand, mediumintensity (and broad) bands peaking at about 2780 cm -1 can be attributed to the ν(C-H) stretching vibration of the N-C-H groups; on the other, the bands centered at ca. 2475 cm -1 arise from the ν(N-H + ) stretching modes. The various coordination modes adopted by the carboxylate groups in all compounds are clear from the FT-IR spectra. Indeed, the typical antisymmetric and symmetric stretching 
bands for coordinated carboxylate anions are markedly present, appearing in the 1680-1550 and 1450-1320 cm -1 regions, respectively, which correspond to ∆[ν asym (-CO 2 -) -ν sym (-CO 2 -)] values in the 360-100 cm -1 range, which agree well with those expected for the coordination fashions described in the previous sections.
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A number of intense and sharp bands in the 1200-500 cm -1 spectral region common to all compounds are indicative of the presence of 2,5-disubstituted pyridine rings (e.g., δ(C-H) deformation modes for the bands centered at ca. 825 and 770 cm -1 ). The aromatic ν(C-H) stretching vibrational modes are also evident for all compounds with a number of bands found in the 3100-3000 cm -1 region. Thermal Analyses. Thermograms from ambient temperature up to 700°C for compounds 1-3 are provided in Figure S8 , Supporting Information. These studies are particularly informative regarding the water content of the synthesized materials and, for the case of compounds belonging to family 1, were of great importance to help in the quantification of the water content present in the solvent accessible area of the 3D frameworks (see Experimental Section dedicated to singlecrystal XRD). From ambient temperature up to ca. 200°C, compounds 1a and 1b release about 2.5% and 2.1%, respectively, fairly agreeing with the release of half-water molecule per lanthanide center (calculated weight losses of about 1.7% and 1.6%, respectively). These results are in line with the structural conclusions derived from vibrational spectroscopy studies (see previous section) and CHN elemental analyses. After 200°C thermal decomposition starts to settle in through several consecutive steps leading to final residues of about 31.4% and 34.7% for 1a and 1b, respectively, which are in good agreement with the expected values for the formation of the stoichiometric amounts of the lanthanide oxides (calculated: 32.8% and 34.6%).
Compound 2 loses very gradually both the water molecule of crystallization and those coordinated to the lanthanide centers in the 160-400°C temperature range, with a total weight loss of about 5.2% (calculated value for four water molecules of ca. 4.9%). Above this temperature there is a small decrease in mass before 455°C which may be attributable to the release of a small amount of water molecules arising from the bridging hydroxyl groups composing the tetrameric cubane-like [Er 4 (µ 3 -OH) 4 ] 8+ core. The oxidation of the organic component settles in after 455°C leading to a final residue (observed value of ca. 51.2%) which agrees well with that expected for the formation of the stoichiometric quantity of Er 2 O 3 (calculated of ca. 52.1%).
The thermal behavior of compound 3 is remarkably unique and, to the best of our knowledge, reflects an unprecedented structural feature among LnOFs. Between ambient temperature and approximately 450°C the sample in study increases its mass by ca. 2.7%. A plausible explanation for this unusual feature can be attributed to the uptake of oxygen from the surrounding environment along the channels running parallel to the c-axis into the praseodymium oxide inorganic core (Figure 8 ). Indeed, on the one hand, the existence of several different stable phases of praseodymium oxide 27 allows a relatively easy modification of the oxidation state of the metallic center and, on the other, it is also known that Pr 2 O 3 can be employed as an oxygenstorage component in catalysis. 41 In the 500-600°C temperature range the material undergoes thermal decomposition, most probably via the oxidation of the organic component. The mass of the residue at about 600°C is of 60.8% of the initial weight. This value agrees fairly well with the formation of the stoichiometric amount of Pr 6 O 4 (OH) 14 which, on the one hand, exhibits the same average charge per lanthanide center as that found in the most stable praseodymium oxide, Pr 6 O 11 (+3.67); on the other, it retains the overall geometry of the hexameric core depicted in Figure 7 which constitutes the SBU unit of compound 3 with the vacant coordination positions of the organic ligands being instead occupied by hydroxyl groups.
Conclusion
In this study we have demonstrated that a modification of the reactive conditions for the H 2 pydc-lanthanide system leads to distinct modular framework materials exhibiting different topologies and remarkably distinct building units: on the one (19) a Symmetry transformations used to generate equivalent atoms: (i) -y + 2/3, x -y + 1/3, z + 1/3; (ii) x -y, x, -z; (iii) -x + 1/3, -y + 2/ 3, -z + 2/3; (iv) y, -x + y, -z + 1; (v) -x + y, -x, z; (vi) x -y, x, -z + 1; (vii) -x, -y, -z; (viii) y, -x + y, -z; (ix) -y, x -y, z; (x) -x + y + 1/3, -x + 2/3, z -1/3. hand, typical solvothermal conditions lead to the solvolysis of DMF, originating in situ (CH 3 ) 2 NH 2 + cations which promote the formation of anionic frameworks build-up from centrosymmetric dimers, (CH 3 (3), respectively. At present we are investigating in our laboratories the possibility to obtain different modular materials containing lanthanide centers and H 2-x pydc x-residues. On the basis of the results presented in this manuscript, we are particularly interested in the study of the oxygen uptake by the inorganic core present in compound 3 and the possibility to use this material as a precursor for the isolation of nanosized functional lanthanideclusters.
